Fluidized beds may be conveniently applied to demanding thermal and thermochemical processes thanks to their inherently good thermal performances: bed-to-surface heat transfer coefficients, effective thermal diffusivities. Collection and thermal storage of solar radiation in Concentrated Solar Power (CSP) systems is one challenging example of this application. Thermal properties may be further enhanced by non-conventional design and operation of fluidized beds based on uneven or unsteady (pulsed) fluidization. A novel concept of solar receiver for CHP (combined heat and power) generation consisting of a compartmented dense gas fluidized bed has been proposed to effectively accomplish collection of incident solar radiation, heat transfer to the working fluid of the thermodynamic cycle and thermal energy storage. This application, like others of the same kind, poses the objective of achieving controlled compartmentation of a large scale fluidized bed by selectively promoting fluidization in some regions while keeping others in a fixed state. This task may be accomplished by means of a compartmented windbox, without physical partitioning or internals immersed in the bed. This study addresses this problem by investigating the hydrodynamics of a near-2D dense gas-fluidized bed operated at ambient conditions and equipped with a compartmented fluidizing gas distributor. The hydrodynamics was characterized by pressure measurement at different locations in the bed to mark the onset of local fluidization and to map the extension and location of fluidized and de-fluidized regions in the bed for different choices of operating conditions. An important follow-up of the study is the analysis of the dynamics of the bubble and emulsion phase in an unevenly fluidized bed. Dynamical patterns of bubble and emulsion phases have been scrutinized by analysis of space-and time-resolved void fraction profiles obtained by electrical capacitance measurements.
Introduction
The development of solid particle receivers in Concentrated Solar Power (CSP) applications is gaining much interest [1] [2] [3] [4] . Among particle receivers, dense gas-solid fluidized suspensions have been recently proposed as heat transfer fluid (HTF) and thermal energy storage media [3] [4] [5] [6] [7] [8] thanks to their excellent thermal properties, namely bed-to-wall heat transfer coefficient (several hundreds of W/m 2 K) and effective thermal diffusivities (0.001-0.1m 2 /s) associated with convective transfer due to bubble-induced and gross bed solids circulation [9] [10] [11] . Both these features may be optimized by proper selection of fluidized solids type and size and fluidization regime. Non-conventional design and operation of fluidized beds based on uneven or unsteady (pulsed) fluidization may further enhance their thermal performances for CSP and thermal energy storage applications [8] . The use of fluidized solids as alternative to other storage/exchange media, like molten salts, entails the possibility to overcome issues associated with the use of corrosive or environmentally unfriendly fluids and to operate the receiver at much higher temperature under direct irradiation of solid particles [12] [13] [14] [15] . Furthermore, the potential of solar-irradiated gas-solid fluidized beds is related to the possibility to perform solar-driven thermo-chemical processes [16] [17] for production of solar fuels and chemicals [18] [19] [20] [21] [22] [23] .
Dense gas-solid fluidized beds have the potential to effectively accomplish three basic complementary tasks: a) collection of incident solar radiation; b) transfer of the incident power to heat exchange surfaces and henceforth to high-efficiency power cycles; c) thermal energy storage, aimed at equalizing the inherent time-variability of the incident radiation for stationary combined heat and power (CHP) generation. All these features have been exploited in a novel concept of solar receiver for CHP generation with inherent thermal energy storage. The concept is based on a novel design of the solar collector, based on a compartmented dense gas fluidized bed optimized so as to accomplish the three complementary tasks [7] . Application of this concept poses a challenging task: how can compartmented fluidization of a large scale bed be achieved? By compartmented fluidization we mean the ability to achieve controlled fluidization of selected sections of a large scale bed while others are kept in the fixed or in a different fluidized state. To preserve the very favourable thermal and flow properties of the bed, this objective must be pursued without physical confinement of the bed or use of internals, but just by partitioning of the fluidizing gas to a compartmented gas distributor.
The hydrodynamics of a near-2D dense gas-fluidized bed operated at ambient conditions and equipped with a compartmented gas distributor will hereby be analysed. Bed hydrodynamics was characterized by pressure measurements at multiple locations in the bed to mark the onset of local fluidization. Pressure maps are worked out to assess the location and extension of fluidized and defluidized regions in the bed, under a range of operating conditions. Dynamical patterns of the bubble and of the emulsion phases are further investigated by analysis of space-and time-resolved void fraction profiles obtained by electrical capacitance measurements. Figure 1 shows the picture and the schematic representation of the experimental apparatus with its ancillary equipment. The experimental apparatus consists of a near-2D fluidized bed (2850x1860x200mm) equipped with an array of pressure taps at different locations in the bed. The fluidized bed can be considered as "nearly two-dimensional" because it is characterized by a thickness much smaller than the other dimensions, but at the same time large enough to prevent extensive wall effects for bubbles smaller than 120 mm. Accordingly, the test facility can be used to investigate bed hydrodynamical patterns along the width and the height of the bed as they would develop in full-scale 3D compartmented fluidized beds.
Experimental

Experimental Apparatus and Materials
The fluidization column, whose size is 3000x2000x200mm, is made of a frame of steel profiles (UPN 200), on which two Plexiglas sheets 3000x2000x20mm are rigidly connected. The fluidized bed is located on a movable frame of steel profiles (UPN 160) and can be tilted up to a maximum angle of 90° with respect to the vertical, to make maintenance and insertion of internals easier. 10 holes were drilled on the steel frame of the fluidization column (three each on left and right sides and on the top, and one on the bottom) used as diagnostic taps and inlet and outlet ports. Threaded pipes, 3" O.D. on the upper side, 2" O.D. on the other sides were welded at hole locations. These ports were necessary for air distribution system (left and right), pressure monitoring system (left, right and top), capacitance probes and for discharge of bed material (lower side).
The bed was equipped with two spargers acting as gas distributors. They consisted of 1.5" perforated pipes, respectively 372 and 1488 mm long, assembled with a bayonet-type connection. The holes (ID 2mm) of the distributor were drilled 31mm apart along a single row and were directed downwards. The holes were covered by metallic mesh to prevent dumping/weeping of bed solids in the spargers. The distributors were immersed in the bed horizontally at the distance of 100 mm above the base of the frame. The spargers were intentionally of different length so that it was possible to establish uneven fluidization of the bed with asymmetric patterns. Accordingly, we will denote the spargers, and the corresponding sections of the fluidized bed, as L (long, the 1488 mm long sparger), and S (short, the 372 mm). Positions in the bed are identified in a coordinate system (O,x,h) whose origin O is located on the side wall of the L compartment just above the L sparger. The coordinate x represents the distance from the side wall of the L compartment while the coordinate h represents the distance from the upper surface of the distributor. Correspondingly, and considering the position of the spargers, two adjacent sections of the bed are identified, namely L, extending over 0<x<1480 mm, and S extending over 1480<x<1860 mm.
The fluidizing gas was technical-grade air fed by a system consisting of a filter, a set of mass flow rate controllers (BRONKHORST EL-FLOW model F203-AV, F.S. 98 and 45 Nm 3 /h and precision ± 0.1 Nm3 /h) and a humidification system. The filter, located upstream of the controllers, removed any residual oil and dust coming from the compressed air supply line. Air flow rate was controlled by a personal computer, interfaced to the instrument via a serial RS232 connection. The humidification system was required to prevent electrostatic charging due to friction of bed material with the Plexiglas walls, and consisted of a bubble column located downstream of each controller. The humidification system can be also by-passed in order to allow the alternation of dry and humid air flow rate, for better control of bed material moisture.
The bed material was fine silica sand with a mean Sauter diameter of 145 µm. Its properties are reported in Table 1 . Fine bed solids were chosen for CSP applications in order to obtain large heat transfer coefficient and effective thermal diffusivity even at small fluidization velocities. 
Diagnostics
A static gas pressure measurement system based on piezoresistive pressure transducers (Keller PR-23X and PR-23Y; full scale: 0.2 and 0.5 bar; accuracy: 0.15 %FS) was used to map fluidization conditions inside the fluidized bed. The system consists of three movable probes which can be immersed directly in the bulk of the bed at different levels above the distributor. Additionally, four fixed probes are located at different locations at the lateral walls. The three movable probes are vertically inserted inside the bed from the top side of the apparatus. The movable pressure probe consists of a 12 mm O.D., 3 m long pipe connected to an L-shaped probe, 6 mm OD, 200x100mm vertical x horizontal. The choice of using a smaller diameter for the final section of the probe was dictated by the need to reduce the intrusiveness of the probe near the measurement location. The geometry of the probe prevented pressure measurement from being affected by the dynamic component associated with gas flow. Moreover, thanks to the elbow shape of the final section of the probe, each probe could be used to perform measurements at multiple locations by simply rotating the probe around its axis. Accordingly, gas pressure could be measured at coordinates x=350, 450, 550, 800, 900, 1000, 1250, 1350, 1450 mm (lying in the L compartment of the bed) and x=1600 mm (lying in the S compartment) using three vertical probes only. In addition to the movable probes, four fixed probes were inserted horizontally within the bed by means of the four measurement taps located along the two side walls (Figure 1 ). The pressure taps PT1, PT2 are located at a height of 400 mm from the base of the frame of the fluidized bed, while PT3, PT4 are placed at a height of 850 mm and they are devoted to measure the gas static pressure near the bed walls.
The dynamical behavior of the fluidized bed under even and uneven fluidization conditions and at different vertical and horizontal positions was characterized by two needle-shaped custom-made capacitance probes produced by MTI Instrument Inc.. The capacitance sensor is guarded-type [25] with an OD 1.5mm inner protruding electrode 7.5mm long and an OD 6.25mm outer electrode. The measurement volume of such sensors is a cylinder of volume =230 mm 3 and surface =147 mm 2 , which corresponds to a minimum detectable bubble of equivalent diameter of about 8 mm. The capacitance sensors were assembled at the tip of 10 mm OD brass tubes that were slided horizontally so as to locate the probe at the desired location in the bed. The probes are long and stiff enough to perform accurate measurements up to a maximum distance of 900 mm from the side wall. The probes were connected to an AccuMeasure 9000 amplifier, provided by MTI Instruments Inc.. The amplifier acts as a power supply and ground to the probes, and features also signal postprocessing, if required.
All analog signals from the diagnostic system were acquired by means of an analog-digital conversion unit (National Instruments) interfaced with a personal computer. All the analog signals were monitored and postprocessed in the LabView data acquisition/programming environment. Raw data were further postprocessed by customized routines developed in the Matlab environment.
Experimental procedure and post-processing of the raw data
The experimental campaign is focused on the characterization of the hydrodynamics of the fluidized bed under even and uneven fluidization conditions with the aim of verifying the effectiveness of compartmented fluidization of the bed. To this end, partitioning of the fluidizing gas to the L and S spargers was metered so as to operate one section (either S or L) as the "active" section of the bed, which implies that locally > , while the other section was in a "passive" state, that is 0 ≤ < . Sections S and L could be interchanged in the role of "active" and "passive" sections, so that the influence of relative lateral size of the "active" and "passive" sections could be assessed.
The gas static pressure measurement system was used to monitor pressures and pressure gradients to obtain the fluidization maps of the fluidized bed. The electrical capacitance signals were worked out to characterize the dynamics of the bubble and emulsion phases under even and uneven fluidization conditions, with particular emphasis on the flow patterns establishing in the proximity of the virtual bed separation between L and S compartments. The experimental procedure consisted of the following phases: 1) air flow rates at both spargers were initially set at values corresponding to 5 for 15 min; 2) air flow rates were eventually set at the desired values; 3) after the bed settled to steady state, static gas pressure and capacitance signals were acquired at the pre-set array of measurement locations in the bed. Data acquisition was repeated iterated over 2 minutes with a sampling rate of 1kHz and 10kHz for pressure and capacitance signals, respectively. The matrix of experimental conditions included multiple values of static bed level (0.55, 1m, 1.39 and 1.85m) and air flow rates at the spargers ( and ranging between 0 and 4 ).
Pressure signals have been post-processed to obtain time-averaged values at each point of the array, which were eventually worked out to obtain the map of the fluidized and defluidized regions of the bed for each set of operating conditions. The procedure is illustrated with the aid of 
where is the fixed bed solid volume concentration, the signal voltage, 0 the solids-free reference signal (only air) and the fixed bed reference signal. Measurements of the time-resolved local void fraction (1 − ) provide the basis for analyzing the dynamics of the bubble and emulsion phases, using the method developed by Molerus and Werther [26] . The procedure is based on the assumption that the signal is a convolution of a bubble-related component superimposed to the component associated with voidage fluctuations in the emulsion phase. Pulses associated with bubbles are of much larger amplitude than fluctuations of void fraction in the dense phase. The signal can be analyzed in terms of probability density functions (see Figure 3 ) which display a pronounced bimodal character. It is possible to set a threshold value, , of the capacitance voltage signal for bubble phase detection. The mean bubble frequency (k), the mean bubble rise velocity (vbr) and the mean bubble pierced length, (lb) have been computed from deconvolution of the bubble phase signal, whereas the mobility of dense phase was characterized by the standard deviation and power spectrum density of the time series of the decomposed bed solids volume fraction signal related to the dense phase. Capacitance signals were used to estimate the local solid dispersion coefficient using a kinetic theory approach for granular flows. The diffusion coefficient D of solid particles can be estimated as the product of an average particle velocity (< >) and a particle mean free path [27] [28] 
where is the particle diameter. The mean particle velocity has been calculated from the component of the capacitance signal associated with the dense phase as the product of standard deviation ( ) and the dominant frequency ( ) of dense phase concentration signal (amplitude and pulsation of the fluctuations) and the characteristic length of the measurement control volume:
Results and discussion
Fluidization maps under uneven fluidization conditions
Fluidization maps show the spatial distribution of fluidized and de-fluidized regions of the bed as partitioning of the fluidizing gas between the S and L sections was changed (one being active, the other passive) and as a function of the static bed height.
A first series of maps, reported in Figures 4-6 , was obtained at fixed static bed height (0.55, 1 and 1.85m, respectively), keeping constant the flow rate of fluidizing gas fed to the active section of the bed and varying the gas flow rate to the passive section. A second series of maps, reported in Figure  7 , refers to experiments carried out with a fixed value of gas flow rates to the passive section (Left: =0.5 and =1.5, 2.5, 4 ; Right =0.33 and =1.5, 2.5, 4 ) for different values of the static bed height. The virtual bed separation into L and S compartments is marked in all the plots as a vertical dotted line. Separation boundaries between fluidized and de-fluidized regions are reported as dashed lines: the fluidized bed region lies to the right of the separation boundary when the S compartment is "active" (hence L is "passive"), it lies to the left when the L is active and S is passive.
The key to the interpretation of the fluidization maps will be illustrated by first considering the case of a fluidized bed of static bed height of 0.55mm with the S section set as the active section ( =1. 5 ) as the gas flow rate at the L sparger, hence , is varied (Figure 4 right) . Analysis of the plots suggests that the bed is only partially fluidized when =0: extended defluidized areas are observed also in the upper part of the S-compartment due to crossflow of the fluidizing gas from the active S to the passive L compartments. The bed is effectively compartmented when 0.33 < <0.5 : the S compartment is effectively fluidized, whereas the L compartment stays in the fixed bed state. When >0.66
, the whole bed is in the fluidized state. Results like those presented in Figure 4 -right suggest how the bed should be operated to achieve effective compartmented fluidization of the bed by appropriate partitioning of the fluidizing gas between the two sections of the distributor. As the flow rate of fluidizing gas in the S compartment is increased ( =2.5 and 4 ), compartmentation is effectively observed with smaller flow rates in the passive L section: <0. 5 . provided that the gas flow rate in the passive S compartment is set at <0.66, 0.5, 0. 33 , respectively.
Analysis of Figure 5 suggests that bed compartmentation is less effective when the static bed height is increased. As the static bed height is set at 1m and the L compartment is active, the fluidized region extends also to large part of the passive S compartment even when =0. The extension of the fluidized region increases even further as the fluidization velocity of the L compartment is increased. This pattern is obviously related to gas crossflow from the active L zone to the non active S zone, which is emphasized by bed depth [29] . The scenario is even more complex when S is the active compartment. At =1.5 , the S compartment is largely de-fluidized when =0. Compartmented fluidization is effectively established when =0.33 , whereas for > >0. 33 , an increasingly large fraction of the passive L compartment is fluidized. For =2.5 and 4
, effective compartmentation is already set at <0. 33 . Similar results can be observed for even larger static bed heights, as shown in Figure 6 . The influence of the static bed height on bed compartmentation is better highlighted in Figure 7 , which refers only to experiments in which S was the active section. It is evident that the boundary between the fluidized and non-fluidized regions reported for different static bed height does not significantly change for = 2.5 and 4 , whereas it is influenced by the bed height for =1.5 . Under the latter operating condition, increasing static bed height can bring about de-fluidization of the whole bed, including the active S section of the bed. . However, the hydrodynamic features of the bubble phase change when they are measured close to the virtual bed separation between the compartments: k, vbr and lb all decrease with x when L is the active section, whereas they increase with x when S is the active compartment. The change of bubble phase properties along x is more pronounced at the upper measurement position (h=800 mm). It is inferred that gas cross flow between the active and passive compartments increases along the bed height and equalizes the properties of the two compartments at given h. For a fluidization velocity equal to 1.5 , regardless of whether S is the active or passive compartment, a bubble phase can hardly be detected from electrical capacitance measurements. The dynamics of the dense phase has been characterized by estimating the standard deviation of voidage in the dense phase (σdense) and the local dispersion coefficient (D) of the solids. These variables are reported in Figures 13 and 14 , for the same operating conditions considered for the bubble phase. Results in Figures 13 and 14 reinforce conclusions already drawn from analysis of the bubble phase. As the fluidization velocity in either compartment is set at 1.5 , the mobility of the dense phase is negligible throughout the bed. Increasing the fluidization velocity in one of the two compartment, the trend of σdense vs x closely mirrors those observed for the properties of the bubble phase: it increases with x when the S compartment is active, and decreases when the L compartment is active. The same trend is observed for the local solid dispersion coefficient D at h=400 mm, whereas D is fairly constant with x at h=800 mm.
A very interesting feature stems out when the mobility of the dense phase, expressed by D, is spatially correlated with the parameters of the bubble phase. Indeed, fairly large values of D, hence vigorous particle motion, are observed even at locations where bubbly flow is not observed. This feature is observed also in strongly uneven fluidization conditions and is emphasized in the upper part of the fluidized bed. It is inferred that enhanced solids mobility at locations where bubbles are not detected arises due to the establishment of coherent bed solids circulation of large correlation length promoted by uneven fluidization [30] [31] [32] [33] . 
Conclusions
The hydrodynamics of a near-2D dense gas-fluidized bed operated at ambient conditions and equipped with a compartmented distributor of fluidizing gas, consisting of two spargers, has been characterized. The main goal was that of establishing whether compartmented fluidization of the bed could be accomplished by uneven feeding of the fluidizing gas only, without physical separations or internals inside the bed. Uneven fluidization was accomplished by partitioning of the fluidizing gas between the sections of the distributor: a larger gas superficial velocity (exceeding the incipient fluidization velocity) was established in the "active" section of the distributor, a smaller (or even 0) gas superficial velocity was established in the passive section of the distributor.
Space-and time-resolved pressure maps inside the bed were worked out to generate fluidization maps, reporting the regions in the bed that are in the fluidized and in the de-fluidized state, as the gas feed rate to either sparger was varied. Moreover, dynamical patterns of the bubble and of the emulsion phases have been scrutinized by analysis of space-and time-resolved void fraction profiles obtained from electrical capacitance signals.
Results confirm the expected inherent tendency of the bed to equalize uneven fluidization. Crossflow of fluidizing gas from the active to the passive sections of the bed, driven by lateral pressure gradients, promotes fluidization of the passive section and/or defluidization of the active section of the bed. Crossflow becomes increasingly important as the bed depth increases and this makes compartmented fluidization of deep beds more problematic.
Fluidization maps provide the basis for the design and operation of gas distributors to effectively achieve compartmented fluidization of the fluidized bed. Analysis of space-and time-resolved local bed voidage profiles gives useful insight on the establishment of gross bed solids circulation patterns: large scale coherent solids mobility is promoted also in the passive section of the bed by particle gulf streaming induced by bubbly flow in the active section. electrical capacitance in air, threshold value of the electrical capacitance signal, electrical capacitance in the fixed bed, superficial gas velocity in the L section, ⁄ superficial gas velocity in the S section, ⁄ gas superficial velocity at incipient fluidization, ⁄ < > mean particle velocity, ⁄ mean bubble rise velocity, ⁄ x horizontal coordinate, Greek mean local bubble fraction, -solid volume concentration, -fixed bed solid volume concentration, -standard deviation of solid volume concentration, -dense phase standard deviation,
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